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Escherichia coli tryptophan synthetase consists of two separable protein components designated A and B.6 ' 7 Together, these proteins catalyze the following three reactions: (1) indole + L-serine --*' L-tryptophan, (2) indole glycerol phosphate = indole + triose phosphate, and (3) indole glycerol phosphate + L-serine L-tryptophan + triose phosphate. Reaction (3) is believed to be the physiologically important reaction in tryptophan biosynthesis. 7' 8 A large number of strains have been isolated in which one or the other of these two proteins has been affected by mutation. Some of the A mutant strains produce an enzymatically altered protein that reacts with antibody to normal A protein, while other A mutant strains show no trace of any protein either enzymatically or immunologically related to normal A protein. 9 The B protein is normal in all of these A mutants. The same type of mutational effects are observed in B mutants. 9 The genetic regions governing the A and B proteins are located immediately adjacent to one another on the genetic map. 9 The A protein of tryptophan synthetase has several characteristics that make it a favorable protein for studies of the gene-protein relationship. It can be obtained in large amounts-up to 2 per cent of the total extractable protein; it is a protein of moderate size, with a molecular weight of approximately 30,000; and it can be isolated and purified without difficulty.10 Furthermore, some of the A mutants produce altered forms of the A protein which are particularly suited to quantitative studies for they participate in reaction (1) when mixed with normal B protein and they react with antibody to normal A protein.
The experiments presented in this paper show that altered A proteins produced by most of the mutants can be distinguished from the normal protein on the basis of their physical properties. It is further shown that the combined effects of separate mutational alterations within the A protein can be studied by examining the proteins produced by strains containing two different mutant sites within the A gene.
Materials and Methods.-Production and classification of mutants: The mutant strains examined in this study were isolated by penicillin selection following ultraviolet irradiation of wild-type E. coli K-12.1" Each strain presumably resulted from a separate occurrence of mutation within the A gene. Mutants with alterations in the A gene can grow on indole since the B protein alone can catalyze the conversion of indole to tryptophan. These A mutants accumulate indole glycerol and cannot grow on minimal medium or minimal medium 'supplemented with anthranilic acid.
Enzymatic procedures: Cultures used to prepare extracts were grown on a glucose-minimal medium'2 in the presence of levels of indole sufficient to allow growth to late log phase. It had previously been shown9 that tryptophan auxotrophs form high levels of both the A and B proteins under these conditions. The cells were harvested by centrifugation, suspended in cold 0.1 M tris buffer at pH 7.8, and disrupted in a 10 KC Raytheon sonic oscillator. Particulate debris was removed by centrifugation. Virtually all of the A and B protein remains in the supernatant solution. Unless otherwise specified, the enzymatic assays reported in this paper were carried out with such extracts. Partially purified preparations, obtained as described previously,'3 were employed in some experiments.
The determination of A enzymatic activity involves measuring indole disappearance in the presence of pyridoxal phosphate, serine, and an excess of component B.7 One unit of A activity corresponds to the conversion of 0.1 /I M of indole to tryptophan in 20 minutes at 370C. Component B activity is measured in the same manner but in the presence of excess component A. Protein was determined by the method of Lowry et al. '4 In the experiments reported in this paper the neutralization of the A activity in reaction (1) by antiserum to normal A protein was measured after incubation of extracts with antiserum for 10 minutes. Antibodies to component A inhibit the enzymatic activity of the A protein in reaction (1) and the degree of inhibition is proportional to antibody concentration to about 70 per cent of complete inhibition. One unit of antibodv is defined as that amount which inhibits one unit of the enzymatic activity of A protein in reaction (1) . The preparation of antiserum specific to the A protein was described previously. 9 The effect of acidification on the A protein was determined with preparations treated with 0.05 M MnCl2 to remove nucleic acids. These preparations were then taken to pH.4.0 with 1 M acetate buffer, pH 3.2, and centrifuged to remove the precipitated proteins. Enzymatic activity was measured at pH 7.8.
The thermolability of A activity was determined on extracts diluted with a 0.5 per cent solution of bovine serum albumin in 0.05 M phosphate buffer, pH 7.8, and heated in a constant temperature water bath. Aliquots removed at 0 time and at subsequent intervals were immediately cooled by addition to tubes containing cold 0.05 M tris buffer, pH 7.8. The enzymatic activity 'of all samples was measured after the final sample was removed.
Genetic procedures: The methods reported by Lennox'6 were used for the preparation of transducing lysates and for performing quantitative transductions. However, for spot test transductions the recipient cells were grown on the surface of nutrient agar plates supplemented with 2.5 X 10-3 M CaC12. These transductions were performed by placing a drop of the donor lysate on the surface of selectively supplemented minimal-glucose plates containing 2.5 X 10-3 M CaC12 and then suspending cells from the nutrient agar plates in the drop.
Results.-Previous studies with the genetic region governing the A protein of tryptophan synthetase have indicated that the genetic unit of function consists of a large number of recombinable mutational sites.'5 If the linear sequence of mutable sites in the gene were directly correlated with the amino acid sequence in the protein it determines, the proteins produced by mutants that can recombine with one another would not be identical for they would bear different alterations in the primary polypeptide chain of the protein. To test this assumption and, in addition, to provide more information about the effects of mutation on the A protein, the altered proteins produced by the different mutant strains have been examined to see if they can be distinguished by simple criteria.
Of the 57 mutant strains that have been examined 18 produce an altered A protein that is enzymatically active in reaction (1) in the presence of normal component B. The other strains do not exhibit A activity, nor do they form any protein that can react with antibody to normal A protein. When extracts of the strains that form altered A proteins were examined for the presence of low levels of activity in reaction (3), the conversion of indole glycerol phosphate to tryptophan, no activity was detected (less than 1 per cent of the activity of wild-type protein in this reaction). These strains were then examined for abnormalities in the level of A protein by determining the ratio of A and B activities. The A/B ratio in fresh extracts of strains that form normal A and B varies only between 1.0 and 2.09 and, therefore, this ratio can be used tQ detect abnormalities in the level of A protein. All of the A mutants, except mutant A 1, produce high levels of both A and B activity and have a normal A/B ratio ( Table 1 ). Extracts of A mutants behaved like wild-type preparations. The 10 per cent activity remaining in the supernatant of acid-treated extracts of the six sensitive mutants was not due to the presence of protein molecules that were resistant to acid, for when the acid treatment was repeated the remaining activity declined to the same extent as the original activity. The nature of the loss of activity was examined further by determining whether the A activity in these strains was destroyed or merely precipitated by the acid. It was found that the increased loss of activity observed in the supernatant of acid sensitive extracts was due to precipitation without pronounced inactivation (Table 3) . When the A activity of an acid-treated extract of an acid sensitive mutant was measured both before and after removing the precipitated proteins, the dramatic loss of activity appeared only if the precipitate was removed. Moreover, when acid-treated extracts of both an acid sensitive and an acid stable strain were divided into two fractions and one fraction was reneutralized before centrifugation, the greater loss of activity from acid sensitive extracts occurred only when the extracts were centrifuged at pH 4.0. Therefore, the loss of activity from extracts of acid sensitive mutants can be ascribed to the presence of altered A proteins that are acid precipitable. Heat inactivation of A proteins: Inactivation by heat was also employed to distinguish different mutationally altered A proteins. The results of heat inactivation experiments are presented in Figure 1 cysteine and tryptophan, an appreciable fraction of the tryptophan-independent recombinants will also be transduced to cysteine independence regardless of the order of the two altered sites in the A gene. However, a recipient cell that has not been transduced will be unable to grow on histidine alone unless reversion of both the tryptophan and cysteine markers has occurred. Rare recombinants can be distinguished from contaminants by testing for the presence of the unlinked histidine requirement. The clustered mutants that form altered proteins were tested for separability using this method. The results are presented in Table 4 Figure 4 summarizes our present knowledge of the location of the mutated sites in mutants forming altered proteins and of the physical properties of the A proteins produced by these mutants. There is a striking correlation between map location and physical properties. The altered sites in all of the strains that form acid precipitable A proteins appear to be at the same site at the right end of the A genetic region. The genetic alterations in the two mutants that form heat stable proteins (A 3 represent repeat events at a mutational hot spot. Additional information relevant to this possibility has been obtained by testing the ability of a suppressor isolated in one A mutant strain to suppress the mutant phenotype of other A mutants. Suppressors of five of the heat labile strains cross-suppress all of the heat labile strains in the same cluster, but not the closely linked mutant A 46 or any of several other A mutants that have been tested. In contrast, a suppressor of A 3 does not suppress A 33, which maps at the same site as A 3 and makes a heat resistant protein similar to the A 3 protein, nor does this suppressor act on any other A mutant that has been tested. It can be concluded from these results that all of the clustered heat labile mutants are probably identical, but that the two mutations leading to heat resistant proteins, although they may have occurred at the same site, are probably not identical in kind and may have caused the substitution of different amino acids.
Another piece of evidence that the clustered heat labile mutants are all identical and may, in fact, involve the same amino acid change comes from the work of Helinski and Yanofsky,19 who have shown that the proteins produced by a number of these heat labile mutants show the same peptide difference from the normal protein. On the other hand, the heat stable protein produced by mutant A 33 has a readily detectable peptide difference that is not found in the heat stable protein produced by the genetically inseparable mutant, A 3.
Double mutants: Strains carrying more than one mutational alteration affecting grown on wild-type E. coli K-12, show a normal frequency of transduction to tryptophan independence relative to histidine independence and, therefore, the lack of recombination with either of the parent lysates indicates that both of the mutant lesions are present in these strains. Properties of the double mutants: All double mutant strains were examined for the ability to produce a protein related to normal A protein and the properties of any such proteins were compared with the A proteins from the single mutant parents. These double mutants were initially tested for the presence of an altered A protein by measuring activity in reaction (1) ( Table 6 ). It was found that those mutant sites that by themselves do not permit the production of any A protein capable of catalyzing reaction (1) also prevent production of detectable altered protein in a double mutant. Such doubles do, however, produce functional B protein and are, therefore, still able to synthesize a protein involved in the same reaction. On the other hand, the double mutants produce an altered A protein that is active in reaction (1) in every case in which both of the parent strains also produce an enzymatically active A protein. The A/B ratio is normal (1.0-2.0) for most of these doubles, but three of the double mutants, A 1-23, A 34-23, and A 34-46, produce significantly less A than B activity. This reduction is most striking for the A 1-23 double, which has an A/B ratio 1/s that of the A 1 parent and 1/1o that of the A 23 parent.
It would appear that certain combinations of mutant sites either 1) decrease the production of A protein relative to B protein, 2) produce an A protein that is considerably more unstable during growth or isolation than the parent proteins, 3) produce a protein that combines poorly with B protein, or 4) produce a protein that is less effective with normal B per molecule than either normal A or the single mutant proteins. Some information that is relevant to these possibilities was obtained by examining the ability of the altered A proteins produced by double mutants to react with antibody to normal A protein. Only three double mutant proteins, those from A 1-23, A 34-23, and A 34-46, showed a pronounced reduction in the extent of neutralization by antibody. This suggests that either the interaction of these sites alters the configuration of that part of the molecule responsible for binding with antibody (and perhaps B) or each of these double mutant protein molecules forms an A-B complex that is less active enzymatically than complexes formed by normal or single mutant proteins. It is also possible that a fraction of the doubly altered protein loses enzymatic activity during growth or isolation without a corresponding loss of immunological activity.
Extracts of the two double mutants carrying the A 11 site (A 11-23 and A 11-46) were examined for precipitation of A activity at pH 4.0 (Table 7) . The A activity of both of these doubles is precipitated by acid to the same extent as the A activity of A 11 itself. On the other hand, extracts of double mutants that do Moreover, the inseparability of the sites in strains A 1, A 3, A 33, and members of the A 11 group indicates that several different changes may have occurred at the same site. These strains can all be distinguished either by the properties of the proteins they produce or by their reaction to suppressor genes. The conclusion that these alterations actually occurred at the same site depends entirely upon the sensitivity of the recombination test employed as a measure of genetic separability. This test allowed the examination of extremely large populations without the interfering effects of reverse mutation and in over half the tests where no recombinants were recovered values below 0.002 per cent could have been detected. The recombination frequency between the most widely separated known sites in the A region is approximately 2.5 per cent.20 If this is a good approximation of the length of the A region, if all of the genetic information in this region is concerned with the coding of the A protein, and if the number of coding units required to specify different amino acids does not vary widely,2' then the recombinational length of a segment of genetic material corresponding to one of the 280 amino acids in the A protein would be 0.009 per cent. Since recombination below 0.002 per cent could have been detected in many experiments, it can be concluded that, if the tested sites are actually genetically separable, more than four coding units would be required to specify each amino acid. In a few of the tests, where recombination frequencies below 0.0009 per cent could have been detected, more than 10 coding units would be required to specify each amino acid if the sites were separable.
These estimates are, of course, subject to the qualifications mentioned above and to the additional qualification that the recovery of prototrophic recombinants in the experiments using hist-cys-tryp-recipients appears to be lower than the recovery in experiments using hist-tryp-recipients. In spite of these objections, it can be tentatively concluded that two mutations inseparable by such tests probably represent changes at the same site. There is one complicating observation, however. Four different mutational changes appear to have occurred at the same site (in mutants A 1, A 11, A 3, and A 33). This observation is not compatible with the simple assumption that these mutations represent substitutions for the same nucleotide, since this assumption allows no more than three distinct mutant types resulting from substitutions at the same site if only the four common deoxynucleotides are involved in the genetic code of E. coli. However, mutant A 33 does not revert and may, therefore, represent a change more extensive than a single nucleotide substitution. In general, these observations are consistent with the assumption that several changes are possible at a single site and that the properties of an altered protein resulting from a change at a given site are, at least in some cases, dependent upon the nature of the change as well as its position.
All seven of the mutants mapping at the other prominent hot spot appear to be identical, for they all produce a heat labile A protein and can be suppressed by the same suppressor genes. Such a result would be expected if only one type of change occurs at this site, either because one of the several possible substitutions at this site is much more frequent than the others or because only one of these substitutions leads to a mutant phenotype. On the other hand, it is also possible that all substitutions at this site yield A proteins with the same properties. This would be reasonable if, for example, loss of stability were due to the removal of an amino acid essential for stability and none of the possible amino acid substitutions could restore this stability. This possibility appears unlikely, however, in view of the results obtained by comparing peptide patterns of digested A proteins from four of these apparently identical mutants. All four show the same peptide difference from the normal A protein,19 suggesting that the A proteins from these four mutants carry the same amino acid substitution. It would appear from the inability to distinguish these mutants or the proteins produced by them, that the same mutational change may have recurred several times at the same genetic site.
A variety of interactions were observed in strains bearing two mutational alterations within the A gene, ranging from no effect on the physical properties characteristic of the parent proteins to interactions that give unique properties to the doubly altered protein. It will be interesting to examine the amino acid changes in these proteins to determine whether each of the primary structure changes of the parent proteins is present even in those cases where the properties of one of the parent proteins is masked. The ability to combine presumed amino acid substitutions in a protein should, in addition to aiding the demonstration of the autonomy of the effects of mutation on primary protein structure, contribute appreciably to our understanding of the intramolecular relationships that determine the characteristic properties of a protein.
Summary.-Altered A proteins formed by strains bearing different mutational changes in the gene governing the synthesis of the A protein of E. coli tryptophan synthetase can be distinguished from one another and from the normal A protein by their sensitivity to heat and acid. Two types of alterations recur frequently and appear to be due to identical changes at mutational hot spots. In addition, the available genetic evidence indicates that more than one type of change can occur at one of these hot spots.
Strains bearing two mutational alterations within the A gene have been prepared by transduction. The A proteins from some double mutant strains reflect the properties of the proteins formed by both parent single mutants, others resemble only one of the two parent proteins, and one double mutant protein exhibits unique properties that indicate some type of interaction between the two mutational alterations.
The implications of these results for further study of the relationship between gene structure and protein structure are discussed.
